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ABSTRACT 
The Packaging industry is one of the largest industries in the world and is associated with many 
environmental concerns. To reduce its environmental impacts, designing sustainable packaging has been 
one of the top priorities in packaging industries. A common tools for evaluating the environmental impact 
of a package design is the Life Cycle Assessment (LCA) which provides information on environmental 
impacts for different indicators. However, making decisions based on the LCA results leaves us with 
major challenges. First, the LCA tools should consider various uncertainties such as measurement and 
data quality. Second, the LCA may give conflicting results on different environmental impact factors. 
To address these issues, a ranking based decision making framework is proposed in this paper. Within 
this framework a Probabilistic Pareto Selection method is introduced to select the Pareto Front with 
uncertainty first. Then, the Ranking based Rate of Substitution is implemented in the decision making 
process in order to select the best design options based on the trade-off of each Pareto design. Tow case 
studies are presented to demonstrate the functionality of this framework.
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INTRODUCTION
The Packaging industry is one of the largest 
industries in the world since virtually every 
consumer and industrial product needs a package 
[1]-[4]. However, the packaging industry also causes 
numerous environmental issues such as waste, 
natural resource consumption, pollution and toxi-
cants [5], [6]. In order to reduce the various environ-
mental impacts, packaging industries are focusing 
on enhancing packaging sustainability [7] and Life 
Cycle Assessment (LCA) has widely been used to 
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conduct comprehensive evaluations of the envi-
ronmental impacts[8]-[14]. Theoretically, the LCA 
provides information on the environmental per-
formance of the packaging designs. Based on the 
LCA results, the designer can measure the environ-
mental impacts from amongst the various packag-
ing options and choose the most sustainable design. 
However, straight forward decision making based 
solely on the LCA results is challenging [15], [16]. 
First, the Life Cycle Assessment of a packaging 
system should include uncertainties from measure-
ment, data quality and modeling uncertainty [17]-
[19]. However, many current commercial LCA tools 
do not take these uncertainties into account. Those 
that do still need the designer’s input to optimize the 
unit processes. Therefore, simple decision making 
based on the current LCA tools without involving 
in uncertainty would not be able to identify the true 
optimal packaging design solution. 
Second, LCA often provides multiple environ-
mental impacts such as CO2 emission, toxicant, 
and water depletion. This multiple environmen-
tal impacts can be considered as multi objective 
problems such as an evolutionary algorithm [20], 
[21], Pareto Front multi-objective optimization [22], 
[23] and a sorting based algorithm [24]. Each pack-
aging system has environmental advantages and 
disadvantages. For each design a trade-off must be 
made from amongst the numerous indicators which 
makes the decision making not only difficult but 
shows that there is no one dominate design [25]-
[27]. 
Third, the decision making for the sustain-
able packaging design could be different due to the 
designer’s preference based on locations, regula-
tions and the goals of the companies. Unfortunately, 
the LCA results alone cannot differentiate between 
the different preferences of the designer’s. To solve 
this issue, the decision making process should 
incorporate the designer’s knowledge, experience 
and data; however, this would become a very time/
cost-consuming trial and error process. 
To address these problems, a Ranking Based 
Decision Making Framework is proposed in this 
paper. Probabilistic Dominance is implemented 
to select the Pareto Front with uncertainty which 
is introduced as the Probabilistic Pareto Selection 
method. The Ranking based Rate of Substitution is 
also developed to guide the proper decision making 
for the trade-off of Pareto Front designs. The design-
er’s preference will be included into both the Prob-
abilistic Pareto Selection and the Ranking Based 
Rate of Substitution to make the systemic decision 
making process efficient.  
The paper is organized as follows: First, the 
current Difficulties of the decision making process 
for sustainable design selection are described. Next, 
a probabilistic Pareto decision making framework 
is proposed to address the current problems of the 
decision making process. Finally, two case studies 
are presented and discussed.
PROBLEM STATEMENT
Although the LCA tools have been used widely 
in the packaging industries for evaluating pack-
aging design options, decision making with LCA 
still has major challenges as we described in the 
previous section. 
First, the environmental impact results from 
the LCA may not be able to represent an accurate 
measurement of each design option. It is obvious 
that there are many different types of uncertain-
ties during the LCA of the packaging systems. 
For example, the data in LCA may not represent 
the exact situations of the life cycle of packaging 
systems. At the same time, the packaging system 
model for LCA may only be simplified models. 
Furthermore, it is possible that the data has mea-
surement error [28]. Therefore, without consider-
ation of uncertainties, the decision for a sustainable 
packaging design can be very misleading. 
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In Figure 1, normal distributions of two differ-
ent designs (S1 and S2) for water depletion are plotted 
as an example. The mean value (µs1) of S1 has a lower 
water depletion value than the mean value (µs2) of S2. 
However, one cannot simply conclude that design S1 
is always better than S2 since the variances of both 
options need to be considered.
The second challenge for LCA decision making 
is that these tools always generates multiple output 
design indicators associated with different envi-
ronmental impacts, such as climate change, human 
health, ecosystems, water depletion and energy 
demand. It is very common that one packaging design 
may work well on one indicator but not as well on 
others. Therefore, different packaging designs will 
have different advantages and disadvantages which 
are represented as trade-offs among different envi-
ronmental impacts which make the decision making 
process very challenging.
For example, as shown in Figure 2 four pack-
aging system designs are analyzed by the LCA tool 
whose results include six environmental impact indi-
cators: climate change ( f1), energy demand ( f2), eco-
systems ( f3), human health ( f4), resources ( f5), and 
water depletion ( f6). The lower value of an indica-
tor represents less environmental impact and can be 
considered a better option. Based on the plot, select-
ing the best packaging design among the design 
options (S1, S2 and S3) is challenging. For the design 
S1, all environmental impact values are lower than 
other designs except the indicator f1. Similar situ-
ations happen in other design options as well and 
there is no clear winner among these three design 
options.  Therefore, it is obviously necessary to find 
a way to properly deal with these trade-offs for the 
decision making process.
Third, the decision making process highly 
depends on the designer’s preferences which could 
be determined by various factors such as the facility 
locations, government regulations, and/or the com-
pany’s goals. For example, if a company is located 
in a region with very strict CO2 emission regulations 
then the designer may have to take this into account. 
However, if the company is under slightly relaxed 
CO2 emission regulations, then the designer could 
pay attention to all environmental impacts equally. 
Furthermore, the decision making based on the LCA 
results to improve sustainability of the packaging 
design may result in a time/cost-consuming trial and 
error process. Therefore, it is necessary to develop 
the systemic decision making framework to address 
all of the issues above. 
Based on a survey of LCA in 2006 [29], it is 
mostly used to define business strategies within R & 
D fields and potentially will be applied to more fields 
in the future. However, as we discussed in previous 
Figure 1 Distribution Curves of Two Different Designs
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section, LCA tools have limitations to guide proper 
decision making for sustainable packaging design. 
To overcome these disadvantages, we propose a 
decision making framework using the LCA results.
Methodology
In the previous section, we discussed the 
major challenges of LCA based decision making. 
To overcome these challenges, a Ranking Based 
Decision Making Framework is proposed as illus-
trated in Figure 3. Two building blocks, Probabilis-
tic Pareto Selection (PPS) and Ranking based Rate 
of Substitution (RRS) are discussed in this section, 
and the designer’s preference is implemented into 
the each process.
 
f1 
f2 f3 
f4 
f5 f6 
 
 
s1
s2
s3
Figure 2 Radar Plot from the LCA Analysis
Figure 3 Diagram for Decision Making Process
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Probabilistic Pareto Selection (PPS) Method 
The Pareto front is a set of solutions for multi-
objective problem. Each solution will have a trade-
off with other but it will be a best solution for at 
least one objective. To identify the Pareto Front with 
uncertainty from the design candidate set, a Proba-
bilistic Pareto Selection (PPS) method is presented. 
The PPS is composed of two main parts. The first 
is an algorithm to identify the Pareto Front and the 
second compares the different packaging designs 
with uncertainty.
A conventional method to identify the Pareto 
Front from a data set is the exhaustive search 
method. This method is very simple but not efficient 
enough because some non Pareto Fronts are kept in 
the comparing process until all Pareto Fronts are 
found. To improve the efficiency of generating the 
Pareto Front, a new method is proposed in this paper. 
In this proposed method, the designer first chooses 
and ranks one of the LCA environmental impact 
indicator results from minimum to maximum. This 
indicator can be selected by the designer’s prefer-
ence or based on other criteria. After the ranking is 
completed, the best design (the one with the lowest 
value of the selected impact indicator) is automati-
cally one of the Pareto solutions because any other 
design option would be outside the boundaries of the 
optimal criteria for environmental impact. 
To continue this process, all other design 
options are compared based on the second environ-
mental impact indicator under the f1 ranking order. 
For a simple example with only two indicators f1 and 
f2; if f1 is the most important indicator and f2 is the 
second indicator, then all data are ranked based on f1 
first. The best design in f1, which is plotted as a red 
circle with a black outline in Figure 4, is selected 
as a Pareto solution. Then, all other options are 
compared with the Pareto solutions following the f1 
ranking order sequentially. For example, the second 
design option has a better f2 impact indicator so it is 
marked as a red circle and included in the Pareto set. 
If the new design option failed the test, it will 
not be included and marked grey. The remaining 
design options would only need to be compared with 
all current Pareto solutions. The design marked as a 
blue circle in the middle, only needs to be compared 
with the higher ranked Pareto designs, and three red 
circles to check the dominancy but not with all non-
Pareto solutions and non-tested design options. This 
selection process has been found to be much more 
efficient than the exhausted search method.
Figure 4 Pareto Front Selection: Ranked by f1
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To extend the Pareto selection process under 
uncertainty, the following equation is implemented 
for the probabilistic dominance comparison:
 ( ) ( )( ) , 1n i n j cP f S f S P n m< > ∀ =    
where P(·) is a probability operator, fn is an envi-
ronmental impact indicator, m is the number of indi-
cators used, and Pc is the probabilistic criteria. If the 
probabilistic dominancy of Si over Sj is less than the 
criteria, then the design option, Si is not considered 
to be a dominating design option over Sj on this indi-
cator. If one design option has at least one dominat-
ing environmental impact indicator over any existing 
Pareto design, then the design can be considered as 
a Pareto solution and will be included in the Pareto 
front. By incorporating the probabilistic dominancy 
comparison, we will be able to include the uncer-
tainty of the LCA results during the Pareto Front 
selection process. As a result, some of the designs 
which have larger mean values can be selected into 
the Pareto set if it satisfies the probabilistic criteria. 
This will allow the Pareto Front selection to be 
more flexible by means of adjusting the probabilis-
tic criteria, Pc. Additionally, the designers prefer-
ence can be implemented into the criteria as well. A 
comparison between the deterministic Pareto Front 
selection and the probabilistic Pareto Front is illus-
trated in Figure 5
Ranking based Rate of Substitution 
(RRS) Method 
Once the Probabilistic Pareto Front is identified, 
the designers may still have too many “good” design 
solutions that cannot be implemented in practice. To 
solve this issue, a Ranking based Rate of Substitution 
(RRS) is developed to reduce the number of possible 
solutions.
The basic concept of RRS is normalizing the 
difference of each indicator between two different 
designs and making a decision based on that differ-
ence. In the PPS method, the designer first chooses 
Figure 5 Conceptual illustration for PPS: Deterministic Pareto Front (Left), and Probabilistic Pareto 
Front (Right)
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the most important environmental indicator and 
the 1st ranked design ( fp1) is the best solution with 
respect to the selected indicators (p). Although all 
other Pareto solutions will not be better in terms of 
the most important indicator, it is still very likely 
that other Pareto solutions may have better perfor-
mance based on other indicators. If one design dem-
onstrates good improvements over the other indica-
tors this may compensate for the deficiency of the 
first, and most important, indicator (p). Therefore, 
the design should be included in the final design 
set. On the other hand, if the improvement cannot 
compensate the deficiency, then the design will not 
be included in the final solutions set. By using this 
concept, the trade-off, Rnpij, can be evaluated and 
compared in the form of equation (2).
 1
i j
ij n n
np j i
p p
f f
R n m n p
f f
= ∀ = ∧ ≠   
where f represents the values of environmental 
impact indicators; the subscript n represents the nth 
environmental indicator and p is the most impor-
tant indicator which is chosen based on the design-
er’s preference; the superscripts i denotes the design 
options among the Pareto solution, and j is the 1st 
ranked design by the environmental indicator p. Rnpij 
is the trade-off of a substituting design option i for the 
design option j in terms of the gain of fn over the loss 
of fp. The designer can define the minimum trade-off 
threshold for different indicators first. If the trade-
off is better than the threshold then the substitution 
of design option i for j is acceptable and the design 
will be included; if not, the design is eliminated. 
The comparison process continues until the entire 
Pareto front set is evaluated and a final reduced set 
is obtained. To control the number of possible Pareto 
solutions in the final set, the designer can select a 
different baseline design and/or adjust the minimum 
trade-off threshold for each environmental impact 
indictor. The minimum trade-off threshold can also 
be defined by the designer’s preference. 
To enhance this process, the designer can imple-
ment priority among all environmental impact indi-
cators to further reduce the size of a final possible 
solution set. It is clear that all designs that were 
selected by rate of substitution, can be solution but 
just different trade-off. In practical case, the designer 
has different preference for different indicator. If 
the design for paperboard, then the water discharge 
could be main concern of designer, or if it is glass 
packaging, then energy usage should be the major 
consideration. Therefore, based on the designer’s 
f1 f2 f3 f4 f5 f6
S1 × f1
S2 × × f2
S3 × × × f2
S4 × × f5
S5 × × f4
S6 × × f4
Table 1 Environmental Impact Priority Selection
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preference, the priority of environmental impact can 
be determined, and using the priority, the number 
of final solutions can be reduced.  For example, six 
Pareto designs are identified after the PPS and the 
priority of environmental impacts are ranked from 
high to low as f1 to f6. Let us use the design option 
S1 as the baseline and the designs S1 to S6 are in the 
ranked order of f1 as shown in Table 1. 
The red cells represent the designs that are con-
sidered as acceptable for trade-off from the gain of 
fn (corresponding column) over the loss of f1. When 
the designer considers only the top two environmen-
tal impact indicators, f1 and f2, then only S1, S2 and 
S3 can be added into the final possible solution set. 
If the designer considers two more environmental 
impact indicators, f3 and f4, then both S2 and S3 will 
be included in the final set. The Pareto design S4 will 
not be included because of its low trade-off value 
found in f1 to f4.
CASE STUDIES
In this section, two different cases are studied 
using the proposed methods. PackageSmart from 
EarthShift Inc. is used for the LCA and six indi-
cators are defined as follows: (1) Climate Change 
(kg CO2eq), (2) Energy Demand (MJ), (3) Ecosys-
tems (species/yr.) (4) Human Health (DALY), (5) 
Resources ($/kg) (6) Water depletion (m3).
In the first example, soft tube packaging options 
are compared and discussed and the second example 
presents the milk packaging options. The primary, 
secondary and tertiary packaging are defined of 
all case studies, and the total number of packaging 
options are determined for the selections of packag-
ing components, packaging materials, manufactur-
ing processes and transportation methods.
Soft Tube
Soft tube is one of the commonly used pack-
aging designs which has many applications espe-
cially in pharmaceutical and consumer products. 
For a soft tube package, the three packaging stages 
are defined as shown in Figure 6. The primary pack-
aging is composed of a tube, tube head and a cap. 
The secondary packaging is a carton that could be 
Figure 6 Soft Tube Packaging Stage and Options
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made from different materials. The tertiary packag-
ing is defined as the corrugated paperboard box. The 
detailed information of packaging materials, pro-
cessing methods and transfortations are described in 
Figure 6. 
For the processing method, only tube head man-
ufacturing processings are listed since all tubes are 
assumed to be fabricated by simple extrution. For 
simplicity, we only selected trucks for the transpor-
tation method. In total, 96 packaging design options 
are considered by combining different materials for 
each packaging component in the study.
As we discussed in the previous sections, the 
first step is to identify the Pareto solutions set. In 
this process, two different types of designer pref-
erences are used, the most important environmen-
tal indicator and probabilistic criteria. For this case 
study, the resource ( f5) is defined as the most impor-
tant indicator among six indictors and all designs 
can be ranked by f5. Once the designs were ranked, 
the probability dominance is checked based on the 
probability criteria to consider the uncertainty of 
the LCA results. The total number of designs in the 
Pareto set will be changed according to the selec-
tion of the Probabilistic criteria (Pcr). If the crite-
rion is strictly defined, then the number of Pareto 
designs is reduced. On the other hand, if the crite-
rion is more relaxing, then the size of the Pareto set 
can be increased. For example, if Pcr is chosen as 0.5, 
24 Pareto designs are included, and if Pcr is 0.4999, 
a total of 36 Pareto design are included through the 
PPS process. In this study, Pcr = 0.5 is applied and the 
environmental impacts of all 96 design options are 
plotted in Figure 7. Red represents the Pareto Front 
designs and blue ones are none Pareto Front. 
From Figure 7, the Pareto Front solutions can 
be divided into two groups, Pareto designs and non-
Pareto designs. For further evaluation, only Pareto 
solutions are considered.  As shown in Figure 8, all 
Pareto solutions are clearly plotted in two groups: 
group A (red) has high ecosystem ( f3) and water 
depletion impact but less resource ( f5), and group 
B (black) has completely reversed effects. Under 
further study, we found that the main difference 
between these two groups of the packaging system 
is the carton materials. The carton package for group 
A is made of plastic materials such as HDPE, PP and 
group B is paperboard. Since the most important 
criteria was defined as resources ( f5), the group A 
solutions are included in the final design selection 
first. If designs from group B can compensate any 
design in group A and pass the threshold, then it will 
f1
f2f3
f4
f5 f6
Figure 7 LCA results for Soft Tube Packaging
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also be included in the final solutions. On the other 
hand, if designs in group B failed the test, then those 
designs will not be included. 
To eliminate the design which cannot compen-
sate for the disadvantage of f5, the RRS method is 
implemented. Designer can implement their pref-
erence through the trade-off rate as discussed 
previously. Since resource ( f5) is the most important 
function, the trade-off rate will be compared based 
on the difference of f5 and other indicators. After 
applying the RRS method, a total of five package 
design systems are selected in the final design set as 
shown in Figure 9. The details of the material selec-
tions for packaging components are listed in Table 2. 
Figure 8 Pareto Fronts of the Soft Tube Packaging
Figure 9 Final Packaging Design Set for Soft Tube
f1
f2f3
f4
f5 f6
f1
f2f3
f4
f5 f6
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Packaging 
Designs Tube Tube Head Cap Carton
Design 1 HDPE HDPE HDPE Paperboard
Design 2 HDPE PP HDPE Paperboard
Design 3 HDPE HDPE PP Paperboard
Design 4 PP HDPE PP PP
Design 5 PP PP PP PP
Packaging 
Designs f1 f2 f3 f4 f5 f6
Design 1 X
Design 2 X
Design 3 X
Design 4 X
Design 5 X
To select the final design solution, the indicator 
priority can be implemented. Table 3 shows the indi-
cators that have an advantage compared to design 1, 
which is chosen as the most important. The designs 2 
and 3 have higher priority in Human Health ( f4), and 
the designs four and five are higher in Water deple-
tion ( f5). According to the priority, the total number 
of final designs can be further reduced. For example, 
if the designer decides that water depletion is more 
important than human health, then the final design 
set would only be design 1, 4 and 5. 
Milk Packaging
Milk is one of the largest consumed food 
products in the world, and many different packaging 
designs have been developed to protect the milk from 
recontamination and make it easier for transporta-
tion and consumption. The three packaging stages 
for milk packaging levels are defined as shown in 
Figure 10. The primary packaging is composed of 
two components such as jug and cap. The second-
ary and tertiary packaging is defined as well. The 
detailed packaging options for the milk packaging 
case study are illustrated in Figure 10. For the jug, 
three different types of plastic materials (HDPE, 
Recycled HDPE, PET), glass, and carton are imple-
mented. For the plastic and carton jug, the HDPE, 
and PP materials are used for the closure, and for 
the glass jug an aluminum closure was chosen. For 
secondary packaging, two types of plastic material 
(HDPE, PP), and two types of carton packaging are 
considered as an example (carton box and carton 
container with wrap). Through these packaging 
combinations, 44 packaging options are generated 
in order to find the most efficient milk packaging.
Table 3 Environmental Impact Priority Selection for Soft Tube
Table 2 Final Packaging design List for Soft Tube
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For the milk packaging option we ranked all of 
the designs and selected climate change ( f1) as the 
most important function based on impact. Through 
the PPS method 15 packaging options are found with 
Pcr=0.495 as Pareto Front solutions among 44 pack-
aging options and the radar chart is illustrated in 
Figure 11. 
After the Pareto Front is generated, the trade-off 
is examined and eight designs are selected as the 
final designs as shown in Figure 12. Then, the final 
designs can be ranked depending on the priority of 
the indicator. In this study, f1 is selected as the most 
important function, the remaining priorities are 
defined from high to low as: f1→f3→f5→f4→f2→f6 
and the final design is listed in Table 4
f1
f2f3
f4
f5 f6
Figure 11 LCA results for Milk Packaging
Figure 10 Milk Packaging Stage and Options
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Design Jug Closure Container
Design 1 Carton PP Paperboard
Design 2 Carton HDPE Paperboard
Design 3 rHDPE PP Paperboard
Design 4 rHDPE PP Paper+Wrap
Design 5 HDPE PP Paperboard
Design 6 HDPE HDEP Paperboard
Packaging 
Designs f1 f2 f3 f4 f5 f6
Design 1 X
Design 2 X X X
Design 3 X X
Design 4 X X
Design 5 X X
Design 6 X X
If the designer is only focusing on the first three 
environmental impacts such as f1, f3 and f5, then the 
designs 1 through 4 will be included in the final 
packaging design set as highlighted in yellow color 
in Table 5. Of course, different indicator priorities 
will lead to different final design selections accord-
ing to other geographical reasons or regulations.
f1
f2f3
f4
f5 f6
Table 4 Final Packaging Design List for Milk Packaging
Table 5 Environmental Impact Priority Selection for Milk Packaging
Figure 12 Final Packaging Design Set for Milk Packaging
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CONCLUSIONS
In this paper, a probabilistic Pareto decision 
making framework is presented.  Two main building 
blocks of the proposed framework is the Probabilis-
tic Pareto Selection (PPS) and Ranking based Rate 
of Substitution (RRS) method. The PPS method 
can identify the Pareto Front among all packag-
ing options by considering uncertainty. The RRS 
method can take into account the trade-offs for each 
design. The two case studies further demonstrated 
how the proposed method can guide the decision 
making for sustainable packaging options.   
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